The attenuation induced by rain is prominent in the satellite communication at Ku and Ka bands. The paper studied the empirical determination of the power law coefficients which support the calculation of specific attenuation from the knowledge of rain rate at Ku and Ka band for Koreasat 6 and COMS1 in South Korea that are based on the three years of measurement. Rain rate data was measured through OTT Parsivel which shows the rain rate of about 50 mm/hr and attenuation of 10.7, 11.6, and 11.3 dB for 12. 25, 19.8, and 20.73 GHz, respectively, for 0.01% of the time for the combined values of rain rate and rain attenuation statistics. Comparing with the measured data illustrates the suitability for estimation of signal attenuation in Ku and Ka band whose validation is done through the comparison with prominent rain attenuation models, namely, ITU-R P.618-12 and ITU-R P. 838-3 with the use of empirically determined coefficient sets. The result indicates the significance of the ITU-R recommended regression coefficients of rain specific attenuation. Furthermore, the overview of predicted year-wise rain attenuation estimation for Ka band in the same link as well as different link is studied which is obtained from the ITU-R P. 618-12 frequency scaling method.
Introduction
Rainfall has been recognized as one of the atmospheric effects that has serious impacts on radio wave propagation [1] . The path attenuation caused by heavy rainfall can result in signals to become indistinguishable from the noise signal of the receiver [2] . The higher frequency bands such as Ku (12/14 GHz) and Ka (20/30 GHz) are most effective in satellite communication and promise future demands of higher data rate services. In this concern, satellite communication plays a crucial role but the atmospheric propagation effects impair the availability and quality of satellite links during the service period [3] . The higher frequencies band has been preferable to provide direct to home (DTH) multimedia services [4] . Rain attenuation in satellite communication systems operating at Ka band frequencies is more severe than usually experienced at lower frequency bands [5] . A number of mitigation techniques have been envisioned and experimented over the years, in an attempt to overcome the problem and to make Ka band satellite applications as commercially viable as those at Ku band [6] . Direct measurement of rain attenuation for all of the ground terminal locations in an operational network is not practical, so modeling and prediction methods must be used for better estimation of expected attenuation for each location [7] . The methods for the prediction of rain attenuation for a given path have been grouped into two categories, namely, physical and semiempirical approaches. The physical approach considered the path attenuation as an integral of all individual increments of rain attenuation caused by the drops encountered along the path. Unfortunately, rain cannot be described accurately along the path without extensive meteorological database, which does not exist in most regions of the world [8] . In addition, when physical approach is used, then all the input parameters needed for the analysis are not readily available [9] . Most prediction models therefore resort to semiempirical approaches which depend on the two factors, namely, rain rate at a point on the surface of the earth and the effective path length over which the rain can be considered to be homogeneous [10] . The attenuation on any given path depends on the value of specific attenuation, frequency, polarization, temperature, path length, and latitude [11] . When the comparative analyses of the 2 International Journal of Antennas and Propagation various rain attenuation prediction models for earth-space communication have been carried out against the measured results to predictions, the ITU-R P. 618-12 is preferred from both its inherent simplicity and reasonable accuracy, at least for frequencies up to approximately 55 GHz [12] . The short integration time rain rate is an essential input parameter required in prediction models for rain attenuation. In this regard, local prediction model for 1-minute rain rate is analyzed in South Korea, where the modified polynomial shows the predictable accuracy for the estimation of 1-minute rain rate distribution [13] [14] [15] . Similarly, rain attenuation had been studied for Koreasat-3 satellite from the database provided by the Yong-in Satellite Control Office where the ITU-R prediction model for earth-space communication is analyzed [16, 17] . The preliminary bases for estimation of rain attenuation on slant path applicable for Ka band have been studied with the combined values of rain attenuation for three years in South Korea [18] . In this paper, a technique for predicting the rain attenuation of Ka bands satellite signals during rain events at Mokdong-13 na-gil, Yangcheon-gu, Seoul, Republic of Korea, has been presented which is analyzed from the year-to-year variation of rain attenuation database provided by National Radio Research Agency (RRA) and studied for earth-space communication.
The several prominent rain attenuation prediction methods have been studied in [21] [22] [23] [24] [25] [26] [27] [28] [29] where the performances of ITU-R method required for the design of earth-space telecommunication systems have been compared. The problem of predicting attenuation by rain is quite difficult, because of nonuniform distribution of rain rate along the entire path length. Most of the models show poor results on severe climates [30] . The best possible estimates given by the available information can be provided by the use of prediction models due to sparse measured data. These measured distributions are compared with those predicted by method currently recommended by the International Telecommunication Union Radio Communication Sector ITU-R P. 618-12 [12] , rain attenuation obtained by integrating the specific attenuation along the propagation path as per the ITU-R P. 838-3 [31] approach. Although some research activities are performed for Ku band satellite link in South Korea region, fewer studies are done for Ka band link. A theoretical study of rain attenuation factor has been performed in South Korea as mentioned in [32] , which emphasizes the need of more experimental data for better comparison with the existing rain attenuation models. The techniques in [18] have been further studied which utilizes power law relationship between the effective path length and rain rate at 0.01% of the time and predicts the attenuation values for other time percentage as per the ITU-R P. 618-12 extrapolation approach. The rainfall rate at 0.01% of the time has been useful parameter for estimation of rain induced attenuation on slant path which can be seen in [33] . The prediction approach requires the statistical features of the signal variation at the location obtained over a long term period, three years in the present case on earth-to-space propagation database at Ku and Ka band. This paper studied the result of measured rain attenuation as compared with the cumulative probability distributions of ITU-R P. 618-12 
Literature Review of Rain Attenuation Models
The attenuation prediction model consists of three methodologies: firstly, the calculation of specific attenuation [31] ; secondly, the calculation of rain height [34] ; and, thirdly, the attenuation calculation methodology. Power law form of rain specific attenuation is widely used in calculating rain attenuation statistics. Path attenuation is essentially an integral of individual increments of rain attenuation caused by drops encountered along the path which required the physical approach. Unfortunately, rain cannot be described accurately along the path without extensive meteorological database, which do not exist in most regions of the world. Hence, total attenuation is determined as
where (dB/km) is the specific attenuation and eff (km) is the effective path length. eff is the length of a hypothetical path obtained from radio data dividing the total attenuation by specific attenuation exceeded for the same percentage of time. The recommendation of the ITU-R P.838-3 [31] establishes the procedure of specific attenuation from the rain intensity. The specific attenuation (dB/km) is obtained from the rain rate (mm/h) exceeded at percent of the time using the power law relationship as
where and depend on the frequency and polarization of the electromagnetic wave. The constants appear in recommendation tables of ITU-R P. 838-3 [31] and also can be obtained by interpolation considering a logarithmic scale for and linear scale for . Most of the existing rain attenuation prediction models used the regression coefficients and to estimate the rain attenuation. The calculated regression coefficients are listed in Table 1 .
Secondly, the mean annual rain height is determined through the recommendation of ITU-R P. 839-4 [34] where the 0 ∘ C isotherm height above mean sea level is obtained through the provided digital map. Thirdly, the attenuation calculation procedures differ as per the applicable methods. As an initial step, ITU-R P. 618-12 [12] has been tested against available field results of the experimental links for earthspace communication at 19.8 GHz for COMS1 and 12.25, 20.73 GHz for Koreasat 6 satellites. This requires the rain rate at 0.01% of the time with 1-minute integration, height above sea level of the earth station (km), elevation angle ( ), the latitude of the earth station ( ), and frequency (GHz). Similarly, the calculation of the horizontal reduction and vertical adjustment factors is based on 0.01% of the time exceedance whose detail approach can be found in [12] . The effective path length can be obtained using (3a), whereas the total rain attenuation at 0.01% of the time ( 0.01 ) can be calculated using equation (3b):
The predicted attenuation exceedances for other time percentages of an average year can be acquired from the value of 0.01 using the extrapolation approach as presented in (3c) [12] : 
In addition, to calculate the effective path length, Simple Attenuation Model (SAM) [35] has been adopted. This model studied the relationship between specific attenuation and rain rate, statistics of the point rainfall intensity, and spatial distribution of rainfall on earth-space communication links operating in the range of 10 to 35 GHz. It considers the exponential shape of the rain spatial distribution, which includes the distinction between stratiform and convective rain. The effective path length is calculated from an effective rain height which is expressed by (4a) and (4b). In stratiform rain, with point ≤ 10 mm/hr, the rain height is constant and equal to isotherm height above mean sea level whose values is given by ITU-R P. 839-4 [34] . Similarly, in convective rainstorms, when > 10 mm/hr, the effective rain height depends on the rain rate because strong storms push rain higher into the atmosphere, lengthening the slant path. The attenuation time series is depicted as [35] 
where % and % are the attenuation and rain rate exceeded for % of time, is specific attenuation due to rainfall, is slant-path length up to rain height, is rain height above mean sea level, is station height, and is elevation angle of the top of rain height.
In convective rainstorms, when % > 10 mm/hr, a modified value of effective path length is used for determination of slant-path attenuation as
where = 1/22. Furthermore, the empirical expression for effective rain height is given as
0 is the 0 ∘ C isotherm height. The detail description on the applicability of this model is described in [35] .
Experimental Methods and Measurements
The experimental setup is installed at Korea Radio Promotion Association building, Mokdong-13 na-gil, Yangcheon-gu, Seoul, Republic of Korea (37 ∘ 32 45.25 N, 126 ∘ 52 58.8 E), by National Radio Research Agency (RRA). The beacon receiver measures the level of Ku and Ka bands beacon of the Koreasat 6 satellite at 12.25 and 20.73 GHz, respectively, using 1.8 m antenna whose specification is detailed in Table 2 . Similarly, another beacon receiver is installed at the same place to measure the Ka band beacon at 19.8 GHz from COMS 1 using similar sized antenna whose specifications are depicted in Table 3 . Both the receivers sample the data at an interval of 10 seconds which are averaged over 1-minute distribution for further statistical analyses. Satellite links have availability of 99.95% and the schematic for the setup is shown in Figure 1 . In addition, an optical disdrometer, OTT Parsivel, is used to measure the rain rates which operates simultaneously with the monitoring system of satellite beacon signal whose specification is also given in Table 2 . These antennas were covered with radome to prevent wetting antenna conditions. The received signal levels were sampled every 10 seconds and finally averaged over 1 minute. The three years' rainfall intensities with 99.95% of the validity of all time were collected by OTT Parsivel, a laser-based optical disdrometer for simultaneous measurement of particle size and velocity of all liquid and solid precipitation, for every 10 seconds whose detail operation is mentioned in [18] .
The schematic diagram for system setup is shown in Figure 1 .
As shown in Figure 1 , the offset parabolic antenna is faced towards Koreasat 6 and COMS 1 satellites. The circularly polarized beacon signal at 12.25, 20.73 GHz from Koreasat 6 and vertically polarized signal at 19.8 GHz were downconverted using separate Low Noise Block Converter (LNBC) which is further described in [18] . The experimental data shows the receive signal level is relatively higher in Ku band as 
The procedure used to obtain slant-path attenuation exceedances for other time instances is further detailed in [18] along with the cumulative distribution of 1-minute rain rate for each year and when combined together. The values for rain attenuation and rain rate in different time series [19] . (c) Variation of 19.8 GHz signal level during a rain event [19] .
are extracted from the simultaneous measurement of rain attenuation and rain rate at 10-second intervals. The OTT Parsivel starts recording the rain rate whenever the rain drops pass through the laser beam. These rain rates are converted to 1-minute rain rate instances from the procedure as mentioned in [17] . Similarly, beacon receiver received the beacon signals at fixed signal level for no rain condition. Whenever there is the rainfall, then the corresponding beacon signals are changed from the reference level. Thus, the difference in the signal level determines the required attenuation values. These values are arranged for the 1-minute instance by following the procedure mentioned in [17] . Finally, these data are combined in the descending order and the required 1-minute rain rate and rain attenuation values are determined for 1% to 0.001% of the time. For instance, at 0.001% of the time, 1-minute rain rate and attenuation values are taken for about 16 (((3 * 365 * 24 * 60 * 0.001)/100) = 15.768 ≈ 16) instances for 3 years of measurement. Similarly, for each year of measurement, the values of about 5 (((1 * 365 * 24 * 60 * 0.001)/100) = 5.256 ≈ 5) instances were considered at the same percentage of time. These instances are calculated by multiplying the number of years, the number of days in a year, and hour and minute in a day, with the required time percentage. and 19 dB; 6.2, 11.6, and 25.1 dB; 5.7, 11.3, and 18.9 dB are observed for 0.1%, 0.01%, and 0.001% of the time, respectively. In addition, year-wise variability of rain rate and rain attenuation are studied further to generalize the use of regression and coefficients k and value for the better estimation against the measured rain attenuation statistics.
Furthermore, the relation between rain attenuation and rain rate is shown in Figure 4 for three years of measurement along with the combined values. This figure indicates that there is the positive correlation between the rain rate and rain attenuation. Additionally, the experimental procedure carried out by Korea Metrological Administration (KMA) is studied for better analyses of 1-minute rain rate statistics which have been detailed in [18] along with the proposed approach. This emphasizes the need of measurement for rainfall rate provided by RRA with longer duration.
Numerical Results and Discussion
The analysis presented above is applied here to numerically illustrate the relation between estimated and measured rain attenuation. To this end, the Complementary Cumulative Distribution Function (CCDF) for combined value of rain attenuation for three years at 12.25, 19.8, and 20.73 GHz along with the ITU-R P. 618-12 predicted values is shown in Figure 5 in several time percentages, , at equiprobable exceedance probability (0.001% ≤ ≤ 1%). As shown in the figure, for 12.25 GHz link, ITU-R P. 618-12 model predictions show a close value at 0.01% of the time but it differs significantly against the rain attenuation CCDF in lower and higher time percentage. At lower time percentage, the difference in prediction is relatively lower as compared to higher time percentage. For instance, the calculated 1-minute rain attenuation values are 7.9, 10.7, and 19 dB while the corresponding ITU-R P. 618-12 estimates 3.73, 11.14, and 23.49 dB for 0.1%, 0.01%, and 0.001% of the time, respectively, under the combined values of rain attenuation distribution. Under this aspect, the paper presents the discussion of ITU-R P. 618-12 which is applied for year-wise rain attenuation database and provides the overview of applicable regression coefficients for 12.25, 19.8, and 20.73 GHz frequencies ranges. The better performance analyses of regression coefficients are done from error calculation in further part.
The measurement is performed for 12.25, 19.8, and 20.73 GHz links in years 2013, 2014, and 2015. Rain rate is plotted against the rain attenuation values arranged for time percentages 1% to 0.001% after applying power law so as to generate regression coefficients, k and . The curve fitting tool as presented in MATLAB program was used to determine the empirical expression for effective length, eff , as mentioned in Table 4 . eff as obtained from SAM approach is plotted against the respective year-wise rain rate values whose relationship is established by the power law. In addition, the measured rain attenuation is divided by estimated eff , which is again plotted against the rain rate measurement so as to obtain the required regression coefficients, and , for specific attenuation, , at different rain rate. The rain attenuation is thus calculated with the product of empirically generated and values, with the estimated eff . Similarly, the and as derived from the procedure explained in ITU-R P. 838-3 whose values as listed in Table 1 are used to obtained attenuation series for ITU-R P. 618-12 extrapolation approach. These values are listed in Table 4 . The correlation coefficient, 2 , is greater in 2013 for the mentioned three links which indicates the better estimation of rain attenuation from rain rate statistics. This might be due to the use of higher rain rate values at 0.01% of the time. Hence, comparison of the attenuations obtained from empirically generated and along with the ITU-R P. 618-12 prediction method are graphically shown in Figures 6, 7 The rain attenuation prediction model for Earth-satellite link is determined for exceeding time percentages in the range of 0.001% to 1%. Hence, the percentage errors, ( ), between measured Earth-satellite attenuation data ( % ,measured ) in dB and the model's predictions ( % ,predicted ) in dB are obtained with expression exceeding time percentage of interest on link at the same probability level, , in the percentage interval 10 −3 % < < 1%, as follows:
In addition, chi-square statistic is used to access the methods performance which is given by [36] 
The chi-square statistic is presented against the threshold value which depends on the degree of freedom whose calculated value is 12 for the given observed data. Similarly, for standard deviation, STD and root mean square, and RMS calculation, the approaches followed in [13] have been adopted. As per the recommendation by ITU-R P. 311-15 [37] , the ratio of predicted to measured attenuation is calculated and the natural logarithm of these error ratios is used as a test variable. The mean ( V ), standard deviation ( V ), and root mean square ( V ) of the test variable are then calculated In order to better visualize the trend of error matrices for the values presented in Tables 5(a)-5(c), we have maintained the plots for relative error, standard deviation, root mean square, and chi-square values in the different time percentages as depicted by Figures 9(a)-9(d) , respectively. These figures show that the error matrices decrease and tend to be lesser for the rain attenuation derived from the empirically generated coefficients sets as compared to the rain attenuation statistics obtained from ITU-R P. 618-12 approach.
Furthermore, frequency scaling approach is tested for Ka band along the same and different communication paths. Frequency scaling method provides an alternative to rain attenuation models which are considered to be excellent predictors and provide a means for determining what to expect at a frequency for which there is no data. The analyses performed for year-wise estimation of rain attenuation for 19.8 and 20.73 GHz are depicted in Figures 10 and 11 . These show that the estimation is relatively higher against the measured values. Similarly, analyses are performed for combined values of rain attenuation statistics from 2013 till 2015, in which attenuation values at 12.25 GHz are used for frequency scaling purpose and the attenuation series are predicted in 19.8 and 20.73 GHz as depicted in Figure 13 .
In order to minimize the error probabilities derived after applying frequency scaling as noticed from Figure 12 , In 2013 from ITU-R P. 618-12 in 12.25GHz
In 2014 from SAM in 12.25GHz
In 2014 from ITU-R P. 618-12 in 12.25GHz
In 2015 from SAM in 12.25GHz
In 2015 from ITU-R P. 618-12 in 12.25GHz
In 2013 we considered the absolute values of deviation Δ % (dB) which is obtained against the measured rain attenuation. The figure depicts the equal probability plots of rain rate and deviation error Δ % . Investigation of this figure has shown that polynomial of fourth order is best least square regression that fits the prediction error against the 1-minute rain rate distribution which is given as
where Δ % is the prediction error and 1 , 2 , 3 , 4 , and 5 are regression parameters whose values depend on frequency and radio path length of the link under consideration. Table 6 shows the values of regression coefficients used for the estimation of prediction errors against the full 1-minute rain rate distribution over 0.001% ≤ % ≤ 1%. Hence, in order to improve rain attenuation prediction approach from the frequency scaling method, it is proposed that the prediction error obtained from (8) needs to be subtracted from the estimation values as derived from frequency scaling approach which is mentioned in the ITU-R P. 618-12. Figure 13 shows that there is the overestimation for predicted 19.8 and 20.73 GHz links which are obtained from the application of the frequency scaling method. For instance, the calculated rain attenuations at 19.8 and 20.73 GHz links are 6.2, 11.6, and 25.1 dB; 5.7, 11.3, and 18.9 dB, respectively, at 0.1%, 0.01%, and 0.001% of the time and the estimated values are 18.58, 24.80, and 42.48 dB; 20.06, 26.71, and 45.53 dB. Interestingly, this overestimation is decreased and the better estimation is obtained with the subtraction of the prediction error as calculated from (8) . The better performance analyses are judged through the error matrices as presented in Table 7 .
As noticed from Table 7 , the attenuation statistics obtained at 19.8 and 20.73 GHz after applying frequency scaling technique show the higher relative error chances for all time percentages when 0.001% ≤ ≤ 1% of the time. On the contrary, the predicted attenuation statistics for both frequencies calculated after subtracting prediction error from the attenuation series calculated with the application of frequency scaling technique as mentioned in ITU-R P. 618-12 generate the lower chances of relative error probabilities. For instance, obtained relative error percentages are 200%, 114%, and 69%; 252%, 136%, and 141% for 19.8 and 20.73 GHz under 0.1%, 0.01%, and 0.001% of the time, respectively, from the application of frequency scaling technique whereas the relative error percentage obtained after subtracting prediction error generates 1%, 1%, and 0%; 0%, 2%, and 0%.
Conclusions
The rain attenuation and rain rate, collected over three years during 2013-2015 in the 12.25 and 20.73 GHz from Koreasat 6 and 19.8 GHz from COMS1 for Mokdong Station, were analyzed to observe the statistical characteristics. In this paper, the local environmental propagation effects in slantpath attenuation for Ku and Ka bands have been investigated. As first approach to this open research problem, a statistical analysis has been proposed to predict the time series of rain attenuation, effective path length, and specific attenuation at Ku and Ka band over an earth-space path in South Korea. The measured rain attenuation distribution at 0.01% of the time in Ka band is higher than Ku band and the rain rate is found to be 50.35 mm/hr. It has been found that the empirically derived k and show suitability in the calculation of attenuation series for all time percentages when 0.001% ≤ ≤ 1% of the time against the measured values. The predictive capabilities of the models are judged through the relative error analyses, standard deviation, root mean square, and chi-square values as well as the recommendation of ITU-R P.311-15 method. Thus, the paper presents the comparison of the measured data with the existing ITU-R rain attenuation prediction model for slant-path communication and shows suitable method for the categorization of best fitting approach. Rain attenuation predictions are made for a number of transmission paths at a fixed set of probability levels. However, it should be noted that the results are valid for these particular climates, and their feasibility for other regions requires more testing and analyses. On the whole, we can adopt ITU-R P. 618-12 rain attenuation model in South Korea for better prediction of rain attenuation until the sufficient database of rain attenuation and rain rate from other locations becomes available. In addition, frequency scaling schemes are analyzed as per the recommendation of ITU-R P. 618-12 where the validation of this approach is performed by comparing with experimental data through error matrices where the suitable parameters are derived for better estimation of the prediction error.
Overall, based on such results, the contribution describes some preliminary steps aiming at devising appropriate methodology for prediction of rain attenuation affecting earth-space communication link. However, more observations are needed from different locations to provide a statically reliable estimation. Hence, the analyses of prominent rain attenuation methods make the Ku and Ka bands spectrum studies for broadband satellite applications and network centric systems. 
